the shock toxin in the studies of Fine and others (9, 10) , shock was produced in our experiments by ligation of the major artery supplying blood to that organ and an attempt was made to demonstrate a toxic principle in hepatic portal blood, using Fine's passive transfer technique (1) . We were further interested in testing these portal blood samples for endotoxin activity, since under the conditions of the experiment, bacterial endotoxin should have been present if, in fact, endotoxemia is a common toxic modality in all forms of experimental shock, as Fine has suggested.
The studies to be reported describe the successful transfer of a lethal factor in the blood of donor rabbits in shock following occlusion of the superior mesenteric artery (SMAO shock) to recipient rabbits prepared by sublethal hemorrhage. Although identification of this toxin was not made, the evidence suggests that bacterial endotoxins are not the lethal factor in blood harvested from animals in SMAO shock. The observation was also made that certain of the biological properties of SMAO shock blood normally associated with the presence of bacterial lipopolysaccharide, could be accounted for by elevated levels of serotonin in the blood.
Materials and Methods
Animals.--Albino rabbits of both sexes, weighing between 1.3 and 2.0 kg, were used throughout these experiments.
Superior Mesenteric Artery Occlusion Shock (SMAO Shock).--The technique employed has
been described in detail by Baez (11) . Both the operative procedure and the collection of portal blood were carried out under rigidly aseptic conditions, and blood samples were handled with pyrogen-free, sterile glassware. Animals were anesthetized with intravenous sodium pentobarbitai (nembutal, Abbott Laboratories, Chicago) (30 mg/kg), were laparotomized, and the superior mesenteric artery (SMA) was isolated with a loop of cotton suture a short distance distal to its emergence from the abdominal aorta. A glass rod was placed adjacent to the artery and within the loop of thread so that the artery could be occluded by tying it tightly against the rod. Mter occlusion, the incision was closed with a continuous suture and the animals were kept lightly anesthetized for the duration of the surgical procedure. At the end of an appropriate interval, the arterial occlusion was released by withdrawal of the glass rod through the sutured body wall. Portal venous blood samples were collected in heparinized syringes at a predetermined interval after releasing the artery.
Preparation of Recipient Rabbits by Sublethal
Hemorrhage.--The preparative procedure used in our experiments is also described in the preceding paper by Nagler and Zweifach (8) . Rabbits were routinely anesthetized with 30 mg/kg of sodium pentobarbitai intravenously and were bled through a carotid cannuia into a graduated reservoir containing approximately 350 u heparin (Liquaemin, Organon, Inc., West Orange, New Jersey). Arterial blood pressure, as measured with a mercury manometer, was maintained at a selected level of hypotension by a self-adjusting system. Mter a predetermined interval, reinfusion of the blood in the reservoir was begun. When one-third of the animal's own blood had been reinfused, a 10 ml quantity of donor blood was substituted for an equivalent volume of the shed blood remaining in the bleedout reservoir, and the reinfusion was then completed. The arterial incision was sterilized and sutured, and the animals allowed to recover or die. Two kinds of preparation were used in these experiments. Some animals were kept 60 minutes at 40 mm Hg arterial pressure prior to reinfusion, and others were kept 70 minutes at 35 mm Hg arterial pressure. Neither of these procedures was, by itself, lethal to rabbits.
Dermal Epinephrine Tests for Endoloxin Activity of Shock
Blood.--Thomas has described lesions in the skin of rabbits, produced by combinations of intradermal epinephrine and exceedingly small quantities of intravenously administered endotoxin (12) . This dermal reaction is sensitive to quantities of circulating endotoxin as small as 1 #g and was chosen as a method for testing the portal blood samples for the presence of endotoxin. To accomplish this, 100 #g quantities of epinephrine (adrenalin chloride, Parke, Davis and Co., Detroit) were injected intradermally into the skin of prepared rabbits which had just received 10 ml of SMAO shock blood during reinfusion. In addition, normal, untreated rabbits were injected intra~lermally with epinephrine and then given 10 ml of shock blood intravenously. This last step was considered desirable in view of the likelihood of early death occurring in the more sensitive of the prepared rabbits. The epinephrine-endotoxin lesion requires about 6 hours to develop to the point where it becomes visible in the gross. In our tests, skin sites on normal rabbits and on surviving prepared animals were examined 18 hours after intradermal injections. Of the prepared animals which died, those known to have survived a minimum of 6 hours after receiving SMAO shock blood were examined as soon as possible after death. Positive reactions were graded from 1-}-(numerous, scattered, punctate hemorrhages superimposed on slightly edematous and erythematous skin) to 3+ (diffuse, hemorrhagic, necrotic lesion).
Oral Adminlstration of Neomycin to Rabbits.--In the experiments using antibiotic-pretreated rabbits, animals were given neomycin (myclfradin sulfate, Upjohn Co., Kalamazoo, Michigan) according to procedures described by Fine (1) . Rabbits received 100 mg of neomycin base by stomach tube on day 1, day 2, and day 3. On day 4 (the day of the operation), food and water were withheld for 6 hours and a final gavage containing 200 rag of neomydu base was administered 3 hours prior to SMA occlusion.
Bazteriologlcal Examination of StooL--In the antibiotic-pretreated animal, the effectiveness of the pretreatment was ascertained on the day of operation by quantitative culture of viable stool bacteria. Stool pellets were removed (usually from the descending colon) with aseptic precautions and transferred to sterile tubes. Stool was macerated in sterile saline and dilutions were made, ranging from 1:10 -1 to 1:10 -6. 1 ml allquots of these dilutions were cultured on blood agar plates at 37°C. Colonies were counted 24 hours later.
Serotonln (5-kydroxytryptamine) Assay.--Intestinal strips from untreated rabbits, from SMAO-shocked rabbits, and from neomydn-pretreated rabbits were assayed for serotonin content by the method of Vane (13) . follow, SMAO shock is initiated in donor rabbits and 10 ml of portal blood is then transferred from these shocked a~imal.q to hemorrhage-prepared rabbits. Death of the recipient a~imal is taken as an indication of the passive transfer of a lethal factor.
In establishing the presence of a transferable toxin, it was first necessary to determine lethality of the shock procedure in the donor rabbits from which blood would subsequently be taken. Following a 70 minute period of SMA occlusion (used routinely in most of the experiments which follow) it can be seen (part A, Table I ) that 6 out of 14 tested rabbits succumbed. Thus, this degree of bowel ischemia resulted in about 50 per cent mortality in our experiments.
Letkal Action of Blood from SMAO-Shocked
Donors.--Having determined that the lethality of 70 minutes of arterial occlusion in donor animals was approximately 50 per cent, a series of passive transfer experiments was then carried out to determine lethality in recipient animals receiving portal blood from SMAO-shocked donors. Details of SMAO shock, passive transfer, and degree of preparation of recipients, together with the results of the procedure are given in Table I , part A. As shown, 9 out of 18 prepared rabbits succumbed when infused with shock blood. The similarity between the incidence of lethality in the prepared group receiving SMAO shock --In order to ascertain whether death of the recipient rabbits was specifically due to a factor(s) present in the SMAO shock blood, other prepared animals were infused with equal volumes of blood obtained from sham-operated donors. In the sham procedure, all operative steps were duplicated (including isolation of the SMA) but no actual arterial ligation was performed. Ten control transfer experiments were carried out, and as shown in Table  I , part A, no death occurred in recipients receiving blood from sham donors.
Pathological Changes after Infusion of SMAO Shock
Blood.--The tissue changes observed in hemorrhage-prepared animals killed by SMAO shock blood were of the same general type as those found in animals dying of irreversible hemorrhagic shock (7, 8) . Typical among the findings were congestion and localized inflamm&tory reactions in the spleen, and foci of inflammation in the area of the venous sinusoids in the liver. No obvious pathological changes were seen in sublethally hemorrhaged rabbits sacrificed after receiving blood from sham-operated donors. The acute hemorrhagic changes observed in the intestinal tract of rabbits dying of direct SMAO shock were not observed in recipients dying after infusion of SMAO shock blood.
B. Evidence Against Bacterial Endotoxin as the Lethal Factor

Lethality of Plasma Fraction of SMAO Shock Blood.--In the original studies of
Fine (1, 5), the lethal properties of shock blood could be duplicated by infusion of shock plasma. We therefore conducted similar studies on the plasma of toxic SMAO shock blood. 20 ml of portal blood from an SMAO-shocked animal were divided into three portions: 10 ml of whole blood, and 10 ml of blood which was further subdivided, by low speed centrifugation, into plasma and unwashed cell fractions. The cell sediment was resuspended in pyrogen-free, sterile saline, taking care not to hemolyze erythrocytes. Each of these fractions was irffused into a separate hemorrhage-prepared rabbit. The results of three such experiments are shown in part B of Table L All of the recipients infused with whole donor blood died. However, none of the 3 recipient rabbits which received plasma obtained from these same blood samples died. 1 of the 3 animals receiving cells succumbed.
No attempts were made to determine how much, if any, toxicity was carried in the plasma. However, it is dear that unlike the experience of Fine, the toxicity of our shock blood samples was not exclusively or even predominantly present in the plasma component of these bloods.
Lethality of Blood Obtained from Antibiotic-Pretreated, SMAO-Shocked Rabbits.--
Rabbits were treated with neomycin (see Methods) and bacteriological cultures were made from the stool on the day of SMAO shock. The specimens were taken immediately after collection of portal blood for passive transfer to recipient rabbits. Bacterial counts on stools in 3 normal rabbits exposed to 80 minutes of SMA ligation, revealed that about 300,000 actively reproducing organisms could be recovered from 1 gm of stool. On the other hand, in 3 neomycin-pretreated rabbits exposed to 80 minutes of SMA ligation, the antibiotic killed between 50 and 70 per cent of the normal bacterial population. Moreover, less than 0.1 per cent of the remaining viable organisms were capable of reproducing on blood agar when 1:10 or 1:20 dilutions of feces were examined. Thus, at the time of SMAO shock in neomycin-treated animals, the residual antibiotic content of intestinal fluids suppressed the in situ reproduction of all but 100 bacterial organisms/gin stool.
Despite this effective reduction in numbers of actively reproducing intestinal bacteria and despite the fact that similar neomycin pretreatment had been reported to cause a significant loss of transferable toxicity in Dr. Fine's experiments (1, 2), neomycin pretreatment of our SMAO-shocked donor rabbits did not consistently protect recipient animals infused with donor blood. The data obtained with two series of antibiotic-treated animals are shown in Table I , part C. In the first series none of the animals died, but the result was somewhat equivocal since many of the control 10 ml lethal blood 10 ml non-lethal blood 10 ml lethal blood 10 ml non-lethal blood 10 ml blood from sham SMAO shock 10 ml non-lethal blood + to + + Edema and erythema in 2 others * All test rabbits were given 100 #g epinephrine intradermally. + signifies punctate hemorrhages, + + + signifies diffuse hemorrhagic necrosis.
animals survived as well. In the second series, the procedure was altered to provide a greater mortality in the controls, with the result that the antibiotic did not afford a significant degree of protection. Table II , part A. SMAO shock blood was infused either into hemorrhage-prepared or into normal rabbits which were then injected intradermally with 100 ~g of epinephrine. As indicated, some of the blood samples provoked typical hemorrhagic lesions at epinephrineprepared skin sites, but there was no correlation between this lesion-provoking activity and the ability of the blood sample to produce death in the recipient rabbit. In fact, blood which had proven lethal to hemorrhage-prepared animals generally did not produce lesions in these animals (despite the fact that in all cases the recipient lived long enough for a grossly visible skin reaction to have developed). Neither did such blood produce lesions in normal rabbit skin prepared with epinephrine. Frequently, the reverse was true; that is, epinephrine-accelerated hemorrhagic lesions were produced in test recipients (both hemorrhage-prepared and normal rabbits) by blood which was not lethal upon passive transfer. In fact, even portal blood collected from sham SMAooperated rabbits was able, in a few instances, to produce mild epinephrine skin reactions in hemorrhage-prepared animals (see Table II , part A).
The Ability of SMAO Shock Blood to Provoke a Dermal Hemorrhagic Reaction.--The results obtained in these experiments are shown in
It now seemed that SMAO shock blood possessed at least two activities not possessed by normal rabbit blood. One of these was responsible for the passive transfer of lethality, while the other was responsible for the provocation of epinephrine-accelerated hemorrhagic skin lesions. Most important, the two activities seemed unrelated. This lack of correlation between the lethal and lesion-provoking activities of SMAO shock blood is not consonant with the view that the toxic factor present in this blood was a bacterial endotoxin.
However, our data did not rule out the possibility that bacterial endotoxin (while not responsible for death of recipient rabbits), was responsible for the lesion-provoking activity of donor blood. Small, sublethal amounts of endotoxin present in some of these shock bloods could have caused the lesions. It seemed profitable, therefore, to investigate further the mechanism of the lesion-provoking activity of SMAO shock blood. Thomas (14) was able to provoke hemorrhagic necrosis in rabbit skin sites prepared with epinephrine by injection of serotonln, intravenously. Fairly large doses of serotonin were employed in his experiments, but we wondered whether smaller amounts of this material would be active in hemorrhage-prepared rabbits. Moreover, since intestinal tissues are known to actively form serotonin, even under normal circumstances, the possibility of an increased release of this amine in bowel ischemia seemed likely. Several experiments were therefore carried out to investigate levels of serotonin in SMAO-shocked rabbits and to determine whether changes in serotonin concentration could be responsible for the lesion-provoking activity of SMAO shock blood.
C. Role of Serotonin in the Production of Dermal Hemorrhagic Lesions
by SMAO Shock Blood
Effect of SMAO Shock on Tissue Levels of Sevotonin in the Rabbit
Intestine.--Serotonin (5-HT) content of intestinal strips was measured in 3 control rabbits, and in 3 rabbits after 60 minutes of SMAO shock. The data are presented in Table IIL An elevation in 5-HT content occurred from an average control value of 0.233 /~g 5-HT/gm tissue to an average value of 0.384 /~g 5-HT/gm tissue in the shocked animals.
Production of Dermal Epinephrine Lesions in Hemorrhage-Prepared Rabbits by
Serotonin.--Rabbits prepared by hemorrhage were injected with 100 ~g of epinephrine intradermally and either received no further treatment, or were given 2/~g of serotonin, intravenously (serotonin creafinine sulfate, Sandoz Pharmaceuticals, Hanover, New Jersey). Assays performed by Baez (15) , had shown that the average serotonin content of SMAO shock, portal blood was 0.2/zg/ml. A 2/~g dose was, therefore, likely to be equivalent to the quantity of serotonin administered in 10 ml of shock blood. The results are shown in Table II , part C. Epinephrine by itself produced no lesions, while almost all of the rabbits treated with intradermal epinephrine and intravenous serotonin developed positive reactions.
TABLE III
Levds of 5-HT in the Intestines of SMAO-Shocked Rabbits
Production of Dermal Epinephrine Lesions in Normal Rabbits by Serotonin.--
The results of these tests are given in the last line of TaMe II, part C. 2 #g of serotonin were mixed with 10 ml of portal blood obtained from sham-operated rabbits, and the mixture was immediately infused into normal rabbits prepared with 100 #g of intradermal epinephrine. Of 5 rabbits tested, 3 developed edema and erythema, but no hemorrhagic necrosis. When the quantity of serotonin added to the blood was increased to 10 #g (1 #g/ml) and the mixture allowed to stand at room temperature for 10 minutes prior to infusion into normal rabbits, several of the tested animals developed hemorrhagic epinephrine lesions in addition to edema and erythema (see Table II , part C).
Dermal Epinephrine Lesions Produced by SMAO Shock Blood from Neomycin-
Pretreated Donors.-- Table II , part B shows that infusion of blood from antibiotic-pretreated, SMAO-shocked rabbits into hemorrhage-prepared rabbits also resulted in positive epinephrine reactions; and, that the frequency and extent of the hemorrhagic skin reactions were even greater in this series than in the test recipients which had received shock blood from donors not pretreated with antibiotics. All rabbits tested with epinephrine in this series showed positive reactions and 3 ~nlma|s showed large, diffuse lesions of a magnitude not encountered in any other animals in this study.
Since none of these blood samples proved leth~] when infused into hemorrhageprepared rabbits (see series 1, Table I , part C), the findings lend additional support to the view that the dermal hemorrhagic factor in SMAO shock blood is not related to the lethal factor in such blood. However, some explanation must be provided for the large and frequent epinephrine lesions produced by SMAO shock blood from neomycinopretreated donors. Other workers have reported that the serotonin content of intestinal tissues was elevated in rats and mice receiving oral neomycin (16) . In the light of this, and also because of the ability of serotonin to produce epinephrine-accelerated lesions, we became curious about the levels of serotonin in intestinal tissues of shocked rabbits previously fed neomycin. Assays were therefore performed in 5 animals given neomycin and then subjected to SMAO shock for 60 minutes. The results are shown in Table HI .
Serotonin content of rabbit intestine was found to be elevated to an average value of 0.508 #g/gin tissue in shocked animals which received the neomycin treatment described in the previous section. This elevation in serotonin content was significantly greater than that observed after SMAO shock alone (see Table HI ).
These data support the conclusion that the production of a dermal epinephrine reaction by SMAO shock blood in our experiments was due to serotonin in this blood and not to bacterial endotoxin.
DISCUSSION
Our results indicate the presence of a lethal factor(s) in the blood of rabbits dying of shock following occlusion of the superior mesenteric artery. Our data are therefore in accord with those of other investigators showing the presence of a passively transferable toxin in the blood of shocked animals (1, 2) .
No attempt was made to identify the shock toxin in our experiments. Nevertheless, in view of the work of Fine and others, we did explore the possibility that the toxic agent was a bacterial endotoxin, and none of our results suggested that this was the case. For example, the endotoxemia theory takes the position that shock toxin (endotoxin) is primarily a component of the plasma (5, 6) , In the case of SMAO shock at least, our results show that an exclusively "plasma-fixed" factor cannot account for the passively transferable toxin(s) which we have demonstrated. Secondly, our epinephrine skin lesion data were not consistent with the theory of a bacterial endotoxin as the lethal agent. This conclusion is clearly supported by the following facts. It was already shown that a small amount of endotoxin administered to reversibly hemorrhaged rabbits is sufficient to confer lesion-provoking activity upon the blood of such animals, even though this amount of endotoxin is below the threshold concentration necessary for conferring lethal properties upon this blood (8) . Consequently, ff SMAO shock blood which proved toxic to recipient animals possessed this toxicity by virtue of its endotoxin content, this same blood should have possessed great lesion-provoking activity. In fact, the reverse was the case.
The next possibility we considered was that sublethal quantities of endotoxin, although not responsible for death in our experiments, were responsible for the production of dermal epinephrine lesions. Even this suggestion had to be abandoned in favor of a serotonin-epinephrine mechanism. This latter explanation was best supported by the data obtained with neomycin-pretreated rabbits. From these data it should be clear that, if bacterial endotoxin was responsible for the epinephrine reactions, one would have to postulate that the concentration of endotoxin in the portal blood of neomycin-treated, SMAOshocked rabbits is greater than in the portal blood of untreated SMAO-shocked rabbits. The fact that the intestinal tract of the former harbors very few viable bacteria and very few actively reproducing bacterial cells in comparison with the bowel of the latter, makes this position highly untenable. On the other hand, our assays did reveal the greatest concentration of serotonin in intestines of neomycin-treated, shocked rabbits--with smaller increases in untreated, shocked animals. It is therefore more likely that the frequent provocation of dermal epinephrine reactions by shock blood from neomycin-treated animals can be satisfactorily explained by the increased level of serotonin in these blood samples.
A final question can be raised concerning the possible role of serotonin in SMAO shock. It should be clear that there is no direct correlation between the epinephrine-accelerated lesions caused by serotonin in shock blood and the lethal effectiveness of this blood. Therefore, one cannot equate serotonin with the shock toxin. The relationships between serotonin metabolism and the pathogenesis of SMAO shock have been under active investigation by Baez (i5). SUMMARY Donor rabbits were subjected to shock by occlusion of the superior mesenteric artery (SMAO shock). Portal blood was collected from these animals at certain intervals after release of the arterial ligature. Infusion of this blood into sublethally hemorrhaged rabbits caused the death of half of the tested animals; a mortality incidence which closely matched the per cent mortality in rabbits shocked by SMA occlusion alone. Blood from sham-operated donor animals did not prove lethal when infused into hemorrhage-prepared rabbits.
Infusion of SMAO shock plasma did not result in the death of recipient animals, even though the whole blood source of the plasma had proven to be lethal upon infusion into hemorrhage-prepared rabbits. Moreover, following pretreatment of donor animals with a non-absorbable antibiotic per os, the number of actively reproducing bacteria in the intestinal fluids was reduced to less than 0.1 per cent of normal; nevertheless, the incidence of passive transfer of lethality from shocked donors receiving this pretreatment was not consistently reduced. Furthermore, when SMAO shock portal blood was tested for the presence of bacterial endotoxin by the sensitive dermal epinephrine reaction, although some blood samples demonstrated lesion-provoking activity, there was no correlation between this activity and the lethal properties of the blood samples.
In seeking an explanation for the production of dermal epinephrine lesions by non-lethal shock blood, a positive correlation was demonstrated between the lesion-provoking activity of portal blood and the serotonin content of intestinal tissues of rabbits shocked by SMA ligation. In addition, small amounts of serotonin were shown to be capable of provoking dermal epinephrine reactions in rabbits, under the same conditions used to test the lesion-provoking activity of portal blood.
It was therefore concluded that: (a) a toxic factor(s) is present in the portal blood of SMAO-shocked rabbits; (b) that this factor(s) is not likely to be a bacterial endotoxin; and (c) that the occasional provocation of a dermal epinephrine reaction by portal blood from SMA0-shocked rabbits, a property heretofore exclusively attributed to the presence of endotoxin in shock blood, can be entirely explained on the basis of elevated levels of serotonin in this blood.
